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method for high-resolution spectroscopy,' it has been c l e a r t h a t t h e s e t e c h n i q u e s p r o v i d e t h e b a s i s 2-10 I n t h i s paper, we discuss the performance p o t e n t i a l and the problems of implementing a for an excel lent time and frequency standard. microwave frequency '(and time) standard $n& an o p t i c a l f r e q u e n c y s t a n d a r d u t i l i z i n g 201Hg i o n s s t o r e d i n a Penning trap.
Many o f t h e d i s c u s s i o n s apply to ion storage-based frequency standards in general. Laser cooling, optical pumping, and o p t i c a l d e t e c t i o n o f t h e m i c r o w a v e o r o p t i c a l c l o c k t r a n s i t i o n c o u l d be achieved using narrowband r a d i a t i o n a t t h e 194.2 nm 6p 2P + 6s 2S t r a ns i t i o n , w h i l e s e l e c t i v e l y m i x i n g $he g r o u h -s t a t e hyperfine levels with appropriate microwave radiat i o n .
A f i r s t -o r d e r f i e l d -i n d e p e n d e n t m i c r o w a v e c l o c k t r a n s i t i o n , w h i c h i s p a r t i c u l a r l y w e l ls u i t e d t o t h e use o f t h e P e n n i n g i o n t r a p i s t h e 25.9 GHz (F,M ) = ( 2 , l ) t-) (1,l) h y p e r f i n e t r a n s it i o n a t a m i g n e t i c f i e l d o f 0.534 T. The twophoton Doppler-free 5d9 6s2 2D5 t-) 5d1° 6s 2S t r a n s i t i o n a t 563 nm i s a p o s s d l e c a n d i d a t e f o b an optical frequency standard. Both standards have the potential of achieving absolute accurac i e s o f b e t t e r t h a n one p a r t i n 1015 and frequency s t a b i l i t i e s o f l e s s t h a n I n t r o d u c t i o n I n t h i s p a p e r , a s p e c i f i c p r o p o s a l i s made f o r a 201Hg+ stored ion microwave frequency (and time) standard which could have an absolute fract i o n a l u n c e r t a i n t y o f l e s s t h a n We a l s o d i s c u s s t h e p o s s i b i l i t i e s f o r a 201Hg+ o p t i c a l frequency standard. A f u t u r e s t o r e d i o n f r e q u e n c y standard may not take the exact form described here; nevertheless, it i s u s e f u l t o i n v e s t i g a t e a s p e c i f i c p r o p o s a l , s i n c e many o f t h e same generic problems w i l l be encountered i n any standard based on stored ions.
Since the pioneering work of Dehmelt and co-workers, who f i r s t developed the stored ion %Contribution of the National Bureau of Standards n o t s u b j e c t t o c o p y r i g h t .
T h i s c o n j e c t u r e i s b a s e d p r i m a r i l y on t h e a b i l i t y t o c o n f i n e t h e i o n s f o r l o n g p e r i o d s o f t i m e w i t h o u t t h e u s u a l p e r t u r b a t i o n s a s s o c i a t e d w i t h
confinement (e.g., "wall shift" as i n t h e hydrogen maser). S t a r t i n g w i t h t h e w o r k o f M a j o r a n d
Werth5 reported i n 1973, groups a t Mainz7 and
Orsay'' and a t l e a s t one commercial company 1 1
have sought t o develop a frequency standard based on 19sHg+ i o n s s t o r e d i n an rf trap. The choice o f Hg+ ions for a microwave stored ion frequency standard i s a natural one because i t s ground-state
h y p e r f i n e s t r u c t u r e i s t h e l a r g e s t o f any i o n which might easily be used i n a frequency standard, and i t s r e l a t i v e l y l a r g e mass gives a small secondorder Doppler shift at a given temperature. This work has been developed t o a f a i r l y h i g h l e v e l ; the group at Orsay" has made a working standard whose s t a b i l i t y compares f a v o r a b l y t o t h a t o f a commercial cesium beam frequency standard.
Howe v e r , t h e f u l l p o t e n t i a l o f t h e s t o r e d i o n t e c hniques has y e t t o b e r e a l i z e d ; t h i s a p p e a r s t o b e due t o two problems:
(1) H i s t o r i c a l l y , it has been d i f f i c u l t t o c o o l t h e i o n s below the ambient t e m p e r a t u r e ; t h i s i s made more d i f f i c u l t i n t h e rf t r a p by "rf heating"' -a p r o c e s s n o t c l e a r l y understood, but one t h a t makes it d i f f i c u l t t o cool even to the ambient temperature. For b o t h t h e rf a n d P e n n i n g t r a p s , t h e i n a b i l i t y t o cool below the ambient temperature means t h a t one must contend with t h e f r e q u e n c y s h i f t f r o m t h e second-order Doppler or time-dilation effect.
Although it i s p o s s i b l e t o c a l c u l a t e t h i s s h i f t from the measured Doppler (sideband) spectra, t o do so w i t h t h e r e q u i r e d a c c u r a c y may be d i f f i c u l t f o r i o n s n e a r room temperature. (2) A second problem i s t h a t t h e number o f i o n s t h a t can be s t o r e d i n a r e s t r i c t e d volume (dimensions 5 1 cm) i s t y p i c a l l y r a t h e r s m a l l ( 5 lo6). This, coupled w i t h t h e somewhat p o o r s i g n a l -t o -n o i s e r a t i o s r e a l i z e d w i t h c o n v e n t i o n a l lamp sources, causes t h e s h o r t -t e r m s t a b i l i t y i n a frequency standard based on ions to be degraded, even though the Q ' s r e a l i z e d a r e q u i t e h i g h .
I n t h e p a s t two o r t h r e e y e a r s , D o p p l e r s h i f t t h a t c a n be achieved.
To improve signal to noise, we n o t e t h a t i n certain optical-pumping, double-resonance experiments, it i s p o s s i b l e t o s c a t t e r many o p t i c a l photons from each ion for each microwave photon absorbed. This can allow one t o make up f o r losses i n d e t e c t i o n e f f i c i e n c y due t o s m a l l s o l i d angle, small quantum e f f i c i e n c y i n t h e p h o t o n d e t e c t o r , e t c . , so t h a t t h e t r a n s i t i o n p r o b a b i l i t y f o r each ion can be measured w i t h unity d e t e c t i o n e f f i c i e n c y . T h i s means t h a t t h e s i g n a l -t o -n o i s e r a t i o need be l i m i t e d o n l y b y t h e s t a t i s t i c a l f l u c t u a t i o n s i n t h e number o f i o n s t h a t have made t h e t r a n~i t i 0 n . l~ T h i s i s discussed i n a simple example i n Appendix A.
More r e c e n t l y , t h e n a r r o w l i n e w i d t h s a n t i c i - 
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For a g i v e n i n t e r a c t i o n t i m e , t h e Q o f a t r a n s i t i o n w i l l s c a l e w i t h t h e f r e q u e n c y .
T h e r e f o r e , i n p r i n c i p l e , a n optical frequency standard would have c l e a r advantages over a microwave frequency standard. Our decision to work on a microwave frequency standard Penning t r a p a r e q u i t e s m a l l 1 3 whereas i n t h e rf e x i s t f o r t h e rf t r a p i f s i n g l e i o n s a r e used, b u t f o r a microwave frequency standard, it i s d e s i r a b l e t o use as many i o n s as p o s s i b l e i n o r d e r t o increase signal-to-noise ratio.
Use o f a Penning t r a p means t h a t one m u s t u s e t r a n s i t i o n s t h a t a r e independent o f magnetic f i e l d t o f i r s t o rt h i s l i m i t s t h e
number o f t r a n s i t i o n s a v a i l a b l e , b u t need n o t b e a n a b s o l u t e r e s t r i c t i o n . B, ( T I F i g u r e 1. Ground s t a t e h y p e r f i n e e n e r g y l e v e l s o f 201Hg+ vs. magnetic field. States are designated by the (F, MF) r e p r e s e n t a t i o n .
T h r e e t r a n s i t i o n s a r e i n d i c a t e d a t t h e
f i e l d s where t h e t r a n s i t i o n f r e q u e n c i e s a r e i n d e p e n d e n t o f m a g n e t i c f i e l d t o f i r s t o r d e r . p o s s i b l e f i e l d i n d e p e n d e n t " c l o c k t r a n s i t i o n s " a r e t h e (F, mF) = (2,O) -(1,l) and (2,l) c-) (1,O) t r a n s i t i o n s a t a b o u t 0.29 T, t h e ( 2 , l )
- (1,l) t r a n s i t i o n a t 0.534 T, the ( 1 , l )
-(1,O) t r a n s it i o n a t 3 . 9 1 T and t h e (1,O) C., (11-1) t r a n s i t i o n a t 28.1 T. I n p r i n c i p l e , one d e s i r e s t o work a t the highest microwave frequency possible (for h i g h e s t Q) a t t h e h i g h e s t a t t a i n a b l e m a g n e t i c f i e l d ( t o maximize the number o f i o n s ) . The choice seems t o be between the 25.9
GHz (2,l) -
( 1 , l ) t r a n s i t i o n a t 0.534 T and t h e 7.72 GHz
( 1 , l )
-(1,O) t r a n s i t i o n a t 3 . 9 1 T. A t these m a g n e t i c f i e l d s , w h e r e t h e t r a n s i t i o n f r e q u e n c y 
n t a b l e -w e n o t e t h a t t h e f r e e -r u n n i n g s t a b i l i t y o f t h e m a g n e t i c f i e l d must be better t h a n lo-' o v e r t h e c l o c k t r a n s i t i o n t i m e ; i n longer term it c a n b e s t a b i l i z e d t o t h i s l e v e l b y l o c k i n g t h e f i e l d t o a Zeeman t r a n s i t i o n i n t h e ions. 16
We w i 11 assume t h a t a laser can be tuned to t h e 6p 2P+ + 6s 2S+ t r a n s i t i o n a t 194.2 nm w i t h 
v i n g t h e c l o c k t r a n s i t i o n m i g h t b e
t h e f o l l o w i n g : (we w i l l assume t h a t when t h e i o n s are cold, the widths of the Doppler-broadened o p t i c a l l i n e s a r e a p p r o x i m a t e l y e q u a l t o t h e n a t u r a l w i d t h ( M 70 MHz)).
(1) We t u n e t h e l a s e r a b o u t 35 MHz below the 6p 2P+ ( 1 , -l ) + 6s 2s JI (2,-2) o p t i c a l t r a n s i t i o n .
T h i s l a s e r t u n i n g g i v e s t h e maximum cooling pos- (1,l) l e v e l .
T h i s pumping occurs because we a r e e x c i t i n g t h e i o n s i n t h e w i n g s o f o t h e r o p t i c a l t r a n s i t i o n s ; f o r example, we are pumping i n t h e wings o f t h e (1,O) + (2,-l) o p t i c a l t r a n s i t i o n ( a b o u t 3.5 GHz away) and t h e (1,O) 
a t i o o f t h e s c a t t e r i n g r a t e on t h e (1,-l) + (2,-2) o p t i c a l t r a n s i t i o n t o t h e pumping r a t e i n t o t h e
(1,l) ground-state level i s about 6 x lo4, i . e . , about 6 x lo4 photons are scattered by each ion b e f o r e it i s pumped i n t o t h e (1,l) ground-state c l o c k l e v e l . T h i s number can be reduced by tuning t h e l a s e r t o a n o t h e r o p t i c a l t r a n s i t i o n ; t h i s may T h e r e f o r e , t h e Ramsey method w i 11 be assumed. This would mean t h a t a b o u t 60 photons would be c o l l e c t e d f o r each i o n t h a t had made t h e t r a n s i t i o n (before it i s repumped t o t h e (1,l) l e v e l ) i n s u r i n g t h a t t h e n o i s e w o u l d o n l y be due t o t h e s t a t i s t i c a l f l u c t u a t i o n s i n t h e number o f i o n s t h a t had made t h e t r a n s i t i o n (see Appendix A).
I
o c k t r a n s i t i o n . We w i l l assume t h a t t h e t i m e f o r f l u o r e s c e n c e o b s e r v a t i o n a n d r e p u m p i n g i s much l e s s t h a n t h e c l o c k t r a n s i t i o n t i m e .
Systematic Frequency Shifts
We have already mentioned the stringent The e l e c t r i c f i e l d s f r o m t h e a p p l i e d t r a p p o t e n t i a l s a n d f r o m Coulomb i n t e r a c t i o n s between ions can cause second-order Stark shifts, but the r e s u l t i n g f r a c t i o n a l f r e q u e n c y s h i f t s a r e e s t imated t o be much l e s s t h a n 10-15. The black body ac Zeeman s h i f t 3 8 i s e s t i m a t e d t o be Av/uo P 1.3 x (T/300), and i s t h e r e f o r e n e g l e c t e d .
The black body ac S t a r k s h i f t 3 ' i s e s t i m a t e d t o be
Au/u P 2 x 10-l6 (T/300)4 and therefore must be accounted for or reduced environmental temperat u r e s a r e r e q u i r e d .
I n s p i t e o f t h e l a s e r c o o l i n g t h a t has been
achieved, we must s t i l l be concerned with the second-order Doppler frequency shift. I n t h e Penning trap, the cyclotron-axial temperature of 201Hg+ i o n s needs t o be cooled to below 1.45
insure that the second-order Doppler shifts (on these degrees o f freedom) i s l e s s t h a n 1 0 -1 5 .
These low temperatures should be easy t o o b t a i n .
A more serious problem exists for the magnetron r o t a t i o n o f t h e c l o u d ; t h e k i n e t i c e n e r g y i n t h i s degree o f freedom w i l l probably l i m i t how small the second-order Doppler shift can be.24 I n t h e l i m i t o f v e r y s m a l l numbers of ions, the magnetron k i n e t i c energy should be n e g l i g i b l e , 2 5 b u t i n t h e case discussed here, we would l i k e t o use the maximum number of i o n s p o s s i b l e and t h i s w i l l cause problems as described below.
The "magnetron" r o t a t i o n i n a Penning t r a p i s s i m p l y a f o r m o f c i r c u l a r $ x zf d r i f t ; t h a t i s , t h e r a d i a l e l e c t r i c f i e l d s i n t h e t r a p f r o m the a p p l i e d p o t e n t i a l s on t h e e l e c t r o d e s and from space charge act i n a d i r e c t i o n p e r p e n d i c u l a r t o t h e m a g n e t i c f i e l d . T h i s c a u s e s t h e i o n s t o d r i f t i n c i r c u l a r "magnetron" o r b i t s a b o u t t h e a x i s o f t h e t r a p . I f we assume t h a t we must keep t h e i o n s i n s i d e a 1 cm diameter spherical working volume, t h e n q u a l i t a t i v e l y , t h e n a t u r e o f t h e p r o b l e m i s as f o l l o w s : i f we add more i o n s t o t h i s volume, then the magnetron frequency increases due t o two e f f e c t s . F i r s t , we must increase the applied trap p o t e n t i a l s t o overcome the increased space charge r e p u l s i o n a l o n g t h e z axis, which tends t o e l o n g a t e t h e c l o u d i n t h i s d i r e c t i o n . Consequently, the magnetron frequency increases due t o t h e i n c r e a s e d p o t e n t i a l s and the increased space charge f i e l d s i n t h e r a d i a l d i r e c t i o n .
I n Appendix C, we e s t i - 
lo4 and n o t e t h a t t h e a p p l i e d t r a p v o l t a g e
i s o n l y 7 1 mV f o r zo = ro/l. 64 = 0.8 cm.
Frequency S t a b i l i t y A t optimum power ( t r a n s i t i o n p r o b a b i l i t y i s
equal t o one a t 1 i n e c e n t e r ) , we c a n c l o s e l y approximate the number of detected photon counts f o r each experimental cycle as
where, as i n Appendix A , Ni i s t h e number o f i o n s i n t h e t r a p and nd i s t h e average number o f det e c t e d p h o t o n s f o r e a c h i o n t h a t has made t h e t r a n s i t i o n . W and u0 are the frequency of the a p p l i e d rf and "clock" center frequency; T i s t h e time between the rf p u l s e s a t t h e b e g i n n i n g and
end o f t h e rf p e r i o d . (We assume t h a t t h e t i m e o f t h e rf p u l s e s i s much less than T. ) A s described above, t h e i n t e r r o g a t i n g o s c i l l a t o r i s s w i t c h e d
between W -n/2T and W + n/2T (where we assume Jw -w0I << n/2T), and the resulting counts subt r a c t e d t o g i v e a n e r r o r s i g n a l .
The s e n s i t i v i t y t o m i s t u n i n g o f W i s g i v e n b y c a l c u l a t i n g t h e
slope o f t h e s i g n a l i n Eq. 4 a t t h e h a l f -i n t e n s i t y 
t i m a t e d e f f i c i e n c y o f t h i s p r o c e s s 3 cm c r y s t a l i s g i v e n by
T > 100 S P, % 8 x P, P, ,
Lasers
Perhaps the single reason that such a proposal has n o t been made p r e v i o u s l y i s t h a t t h e r e q u i r e d narrowband tunable laser has n o t b e e n a v a i l a b l e a t
nm. However, it appears t h a t t w o p o s s i b l e approaches lend themselves t o i n i t i a l experiments
i n t h i s system. B r i e f l y , t h e f i r s t approach might be t o use an externally narrowband f i 1 t e r e d (2 100 MHz) pulsed A r F excimer laser.
We estimate t h a t it s h o u l d b e p o s s i b l e t o a c h i e v e s a t u r a t i n g i n t e n s i t y f r o m such a f i l t e r e d l a s e r . However, t h e p u l s e l e n g t h s o f t h e s e l a s e r s a r e q u i t e s h o r t (5 10 ns), so that only about two photons per ion w i l l be e f f e c t i v e i n each l a s e r s h o t t o d r i v e t h e o p t i c a l t r a n s i t i o n . (The l i f e t i m e o f t h e upper
, P5 (1,-l) s t a t e i s a b o u t 2.3 ns and decays with
p r o b a b i l i t y t o t h e
(2,-2) ground state. ) The p o t e n t i a l a d v a n t a g e o f e x c i m e r l a s e r s y s t e m s i s
t h a t t h e r e p e t i t i o n r a t e s can be quite high (KrF lasers have been b u i l t w i t h 1 kHz r e p e t i t i o n r a t e s ) . However, a t t h e p r e s e n t t i m e , it i s p r o b a b l y o n l y f e a s i b l e t o r e a l i z e 150 Hz r e p e t i t i o n r a t e s f o r A r F l a s e r s . T h i s s h o u l d a l l o w r e a s o n a b l e s i g n a l t o n o i s e i n t h e above scheme when t h e i o n s are cold; however, we e s t i m a t e c o o l i n g t i m e s o f o r d e r 20 minutes, which i s uncomfortably long.
A second scheme u s i n g f r e q u e n c y m i x i n g o f cw l a s e r s i n n o n l i n e a r c r y s t a l s i s p r e s e n t l y b e i n g pursued a t NBS. T u n a b l e c o h e r e n t r a d i a t i o n i n t h e 194 nm r e g i o n has previously been produced by phase-matched sum f r e q u e n c y m i x i n g o f p u l s e d l a s e r s i n a potassium pentaborate (KB5) cryst a l .27 The second harmonic o f t h e 514 nm Ar' s i n g l e f r e q u e n c y cw l a s e r l i n e , when m i x e d w i t h The dye l a s e r c a n be s t a b i l i z e d and tuned using standard techniques. The t e m p e r a t u r e o f t h e KB5 may have t o be s h i f t e d s l i g h t l y f r o m room temperat u r e i n o r d e r t o satisfy the phase-matching condit i o n s . We estimate from the observed temperature t u n i n g a t
201.6
t h a t t h e r e q u i r e d s h i f t i s l e s s t h a n 25 'C.
Two-Photon Optical Frequency Standard i n 201Hg+
We w i l l b r i e f l y d e s c r i b e t h e p r o p e r t i e s o f a 201Hg+ o p t i c a l f r e q u e n c y s t a n d a r d t h a t has been suggested previously. We assume t h a t a l a s e r i s t u n e d t o t h e 3 + 1 t r a n s i t i o n w a v e l e n g t h a n d t h a t we can neglect e x c i t a t i o n i n t h e wings o f t h e 3 + 2 t r a n s i t i o n by t h i s l a s e r . We a l s o assume t h a t t h e decay branch- (1) I f t h e number o f s c a t t e r i n g e v e n t s ( f o r e a c h i o n ) i s s u f f i c i e n t l y l a r g e , t h e n e s s e n t i a l l y a l l t h e i o n s a r e pumped i n t o t h e 2 l e v e l .
( 2 ) The l a s e r i s now t u r n e d o f f a n d t h e " c l o c k " (1 + 2) t r a n s i t i o n i s d r i v e n .
The i o n s t h a t have made t h e t r a n s i t i o n a r e t h e n det e c t e d b y t u r n i n g t h e l a s e r b a c k o n and observing t h e f l u o r e s c e n c e s c a t t e r i n g b y c o l l e c t i n g t h e 1 i g h t i n a phototube.
F o r e a c h i o n t h a t has made t h e c l o c k t r a n s it i o n , l e t t h e average number o f d e t e c t e d p h o t o n s be nd; t h e rms f l u c t u a t i o n i n t h e number o f det e c t e d p h o t o n s p e r i o n i s fld.
Because o f i n e ff i c i e n c i e s i n c o l l e c t i o n and d e t e c t i o n , t y p i c a l l y nd << R31/R32r b u t t h e i n t e r e s t i n g c a s e w i l l be when nd i s s t i l l s i g n i f i c a n t l y g r e a t e r t h a n one.
We w i l l assume t h a t t h e c l o c k t r a n s i t i o n i s d r i v e n w i t h optimum power, so t h a t when we a r e t u n e d t o t h e h a l f -i n t e n s i t y p o i n t on t h e l i n e ( f o r maximum f r e q u e n c y s e n s i t i v i t y ) , t h e p r o b a b i l i t y , p, t h a t e a c h i o n has made a t r a n s i t i o n i s 0.5. I n t h i s case, i f t h e t o t a l number o f i o n s i s Ni , t h e n t h e average number t h a t have made t h e t r a n s i t i o n i s pNi = Ni/2 and the rms f l u c t u a t i o n s i n t h e number o f i o n s t h a t have made t h e t r a n s i t (1) The f l u c t u a t i o n s i n t h e number o f photons counted (AnTOT)d due t o f l u c t u a t i o n s i n the counted photons for each ion.
S i n c e t h e s e a r e s t a t i s t i c a l l y i n d e p e n d e n t :
(AnTOT)d = 4 c (And)2 = d i p p
(2) The f l u c t u a t i o n i n t h e number o f photons counted (AnTOT)i due t o t h e f l u c t u a t i o n s i n t h e number o f i o n s t h a t have made t h e t r a n s i t i o n :
(AnTOT)i = AN^ nd = nd $12 S i n c e t h e s e t w o p r o c e s s e s a r e a l s o s t a t i s t ic a l l y i n d e p e n d e n t , t h e t o t a l f l u c t u a t i o n s i n NTOT a r e g i v e n b y :
Therefore when nd >> 2, t h e f l u c t u a t i o n s i n t h e photon counts are given by t h e s t a t i s t i c a l f l uct u a t i o n s i n t h e number o f i o n s t h a t have made t h e t r a n s i t i o n . We must note, of course, that the above arguments assume t h a t t h e l a s e r i n t e n s i t y a n d c l o u d o f i o n s i s s t a b l e , a n d t h e r e f o r e , f l u ct u a t i o n s i n s i g n a l due t o changes i n l a s e r -c l o u d s p a t i a l o v e r l a p a r e n e g l i g i b l e . -
